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NF-κB has a Direct Role in Inhibiting Bmp- and Wnt-Induced Matrix
Protein Expression.
Abstract

The host response to pathogens through nuclear factor κB (NF-κB) is an essential defense mechanism for
eukaryotic organisms. NF-κB-mediated host responses inhibit bone and other connective tissue synthesis and
are thought to affect the transcription of matrix proteins through multiple indirect pathways. We demonstrate
that inhibiting NF-κB in osteoblasts increases osteocalcin expression in vivo in mice with periodontal disease.
Mutating NF-κB binding sites on osteocalcin (OC) or bone sialoprotein (Bsp) promoters rescues the negative
impact of NF-κB on their transcription and that NF-κB can inhibit Wnt- and Bmp-induced OC and Bsp
transcription, even when protein synthesis is inhibited, indicating a direct effect of NF-κB. This inhibition
depends on p65-p50 NF-κB heterodimer formation and deacetylation by HDAC1 but is not affected by the
noncanonical NF-κB pathway. Moreover, NF-κB reduces Runx2 and β-catenin binding to OC/Bsp promoters
independently of their nuclear localization. Thus, inflammatory signals stimulate the direct interaction of NFκB with response elements to inhibit binding of β-catenin and Runx2 binding to nearby consensus sites and
reduce expression of matrix proteins. This direct mechanism provides a new explanation for the rapid decrease
in new bone formation after inflammation-related NF-κB activation.
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The host response to pathogens through nuclear factor κB (NF-κB) is an essential defense
mechanism for eukaryotic organisms. NF-κB-mediated host responses inhibit bone and other
connective tissue synthesis and are thought to affect the transcription of matrix proteins through
multiple indirect pathways. We demonstrate that inhibiting NF-κB in osteoblasts increases
osteocalcin expression in vivo in mice with periodontal disease. Mutating NF-κB binding sites on
osteocalcin (OC) or bone sialoprotein (Bsp) promoters rescues the negative impact of NF-κB on
their transcription and that NF-κB can inhibit Wnt- and Bmp-induced OC and Bsp transcription,
even when protein synthesis is inhibited, indicating a direct effect of NF-κB. This inhibition
depends on p65-p50 NF-κB heterodimer formation and deacetylation by HDAC1 but is not
affected by the noncanonical NF-κB pathway. Moreover, NF-κB reduces Runx2 and β-catenin
binding to OC/Bsp promoters independently of their nuclear localization. Thus, inflammatory
signals stimulate the direct interaction of NF-κB with response elements to inhibit binding of βcatenin and Runx2 binding to nearby consensus sites and reduce expression of matrix proteins.
This direct mechanism provides a new explanation for the rapid decrease in new bone formation
after inflammation-related NF-κB activation.
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Introduction
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In response to inflammation, host defense mechanisms result in the secretion of
inflammatory cytokines, leading to the activation of the nuclear factor κB (NF-κB)
pathway.(1) NF-κB plays a central role in the cellular stress response and in inflammation by
controlling the expression of a network of inducers and effectors that define responses to
pathogens.(2) This pathway stands as the central regulator of inflammatory factors mediating
crucial events in response to inflammation, leading to inhibition of matrix synthesis.(3) The
canonical NF-κB pathway involves formation of homo- or heterodimers of p65 (RelA) and
p50.(4) In the resting stage, NF-κB subunits exist as a cytoplasmic trimer that includes IkBβ
that masks the nuclear localization signal of NF-κB.(5) Inflammatory signals activate IkBkinase (IKK), which phosphorylates IkB and target it for degradation, releasing NF-κB and
facilitating its nuclear localization and subsequent DNA binding.

Author Manuscript

Inflammatory mediators may negatively impact osteoblasts by inhibiting bone formation.(6)
Several in vitro and in vivo studies have demonstrated that inflammatory cytokines such as
TNFα inhibit matrix protein synthesis.(7,8) Inflammation inhibits bone formation in a
number of disease states, including rheumatoid arthritis, and in failing dental and orthopedic
implants.(9–12) Inflammatory mediators contribute to impaired bone formation linked to
postmenopausal osteoporosis.(13,14) Inflammation inhibits production of bone matrix
proteins by interfering with signals that stimulate bone production. One mechanism involves
interfering with bone morphogenetic protein (Bmp) signaling by downregulation of Runx2,
a transcription factor that stimulates and coordinates osteoblast activity.(15,16) Bmps are
required for postnatal bone formation and stimulate expression of matrix proteins
osteocalcin (OC) and bone sialoprotein (Bsp).(17–20) Loss of Bmp activity leads to
osteopenia, bone fragility, and spontaneous fracture.(21,22)
The Wnt signaling pathway also stimulates production of bone.(23) Activation of Wnt
signaling increases nuclear expression of β-catenin, which leads to increased expression of
osteocalcin and Bsp.(23) Inflammation interferes with Wnt signaling by increasing
expression of Wnt antagonists, Dkk1, or sclerostin (SOST).(24) Dkk1 or SOST prevent the
Wnt ligand from binding to its receptor by competitive inhibition.(25,26) Both Dkk1 and
SOST expression is stimulated by TNFα, which is mediated at the transcriptional level by
NF-κB.(27) A third indirect mechanism through which NF-κB may inhibit expression of
bone matrix proteins is by reducing expression of Fos-related antigen-1 (Fra1), which is a
positive regulator of bone matrix protein transcription.(6)

Author Manuscript

In almost all cases, NF-κB is a positive regulator of transcription. More recent studies have
also determined that NF-κB may negatively regulate gene transcription. Binding of
noncanonical NF-κB subunits to the κB sites leads to repression of chemokines.(28,29)
Activation of noncanonical NF-κB directly represses the expression of interferon-β at the
promoter level.(30) In these cases, NF-κB exerts a negative effect through activation of the
noncanonical pathway, involving the formation of heterodimers consisting of RelB-p52.
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Although the impact of NF-κB on bone formation is profound, the only mechanisms known
are indirect. We determined whether there were alternative mechanisms to the well-defined
indirect effects of NF-κB on expression of bone matrix proteins. Mutating putative NF-κB
binding sites on the promoter of OC and Bsp rescued the negative impact of TNFα,
indicating that NF-κB can directly interfere with induction of these proteins. Moreover, NFκB inhibited Bmp-induced Runx2 and Wnt-induced β-catenin binding to consensus response
elements to reduce OC and Bsp transcription. This direct mechanism provides new insight
into the rapid effect of inflammation on new bone formation, which is important in a number
of diseases, including rheumatoid arthritis and periodontal disease.

Materials and Methods
Author Manuscript

Transgenic male and female mice (Col1α1.IKK-DN) were generated that express a
dominant negative IKK under the control of a 2.3-kbp element of the collagen 1α1 promoter
that restricts activation of NF-κB in osteoblast lineage cells.(31) Periodontitis was induced by
inoculation of P. gingivalis and F. nucleatum and compared with mice inoculated with
vehicle alone (2% methylcellulose) as described.(32) Mice were euthanized 6 weeks after
oral inoculation. All animal procedures were approved by the Institutional Animal Care and
Use Committee.
Preparation of histologic specimens
Specimens were fixed in 4% paraformaldehyde overnight at 4°C and decalcified in 10%
EDTA for 3 to 4 weeks. Paraffin-embedded histologic sections were prepared for the region
between the first and second and the second and third molars that included the teeth,
gingiva, bone, and periodontal ligament as described.(33)

Author Manuscript

Detection of osteocalcin and NF-κB

Author Manuscript

Paraffin sections were subjected to antigen retrieval in citrate buffer at 95°C. Sections were
incubated with antibody to osteocalcin (Takara, Mountain View, CA, USA) or NF-κB-p65
(Rockland, Gillbertsville, PA, USA). Antibody was localized with biotinylated secondary
antibody and avidin-biotin horseradish peroxidase complex (Vector Laboratories,
Burlingame, CA, USA). Antibodies were visualized using streptavidin Alexa-546
(Invitrogen, Carlsbad, CA, USA) and counterstained with DAPI. Tyramide signal
amplification (PerkinElmer, Waltham, MA, USA) was used to enhance the signal.
Fluorescent staining of cuboidal-shaped osteoblastic bone-lining cells, osteocytes in bone, or
cells in the gingival connective tissue was observed under 400× magnification of images
captured with a Nikon Eclipse 90i microscope (Nikon, Melville, NY, USA) and NIS
Elements-AR software (Nikon). Osteocalcin matrix was assessed by immunofluorescence in
0.02 mm of bone adjacent to the edge and the mean fluorescence intensity measured.
Cell culture
MC3T3-E1 murine osteoblastic cells (ATCC, Rockville, MD, USA) were grown in α-MEM
(Invitrogen) containing 10% FBS (Atlanta Biologicals, Atlanta, GA, USA) and 1%
penicillin/streptomycin (Cellgro, Manassas, VA, USA) at 37°C in 5% CO2. Tumor necrosis
factor α (TNFα) (1 ng/mL), bone morphogenetic protein 2 (Bmp2) (100 ng/mL), and Wnt3a
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(100 ng/mL) were all purchased from Peprotech (Rocky Hill, NJ, USA). Osteoblastic cells
were isolated from calvarial fragments from 8-week-old mice. Parietal bone was cut,
minced, and placed in digestion media containing collagenase (Sigma-Aldrich, St. Louis,
MO, USA) in a 37°C shaker and subjected to multiple digestions. Osteoblasts were isolated
by combining digestions 2 to 6(34) and cultured as above.
Expression of bone matrix proteins
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For in vitro studies, total RNA was extracted and RT-PCR was carried out using fluorescent
cDNA probes from Roche (Indianapolis, IN, USA) and primers from Integrated DNA
Technologies (IDT, Coralville, IA, USA). MC3T3 cells were fixed in paraformaldehyde and
incubated overnight at 4°C with primary antibody against osteocalcin (Takara) or antibody
to bone sialoprotein (Bsp) generously provided by Dr Renny Franceschi (University of
Michigan, School of Dentistry). Immunofluorescence was carried out as described above,
and cells were examined at 200× magnification to measure mean fluorescence intensity.
Total RNA was extracted from the periodontium of the molar teeth and mRNA levels of
osteocalcin were assessed by real-time PCR as described.(35,36) Results were normalized to a
housekeeping gene, ribosomal protein L32. The experiments were carried out with 6 to 7
animals per group.
Plasmids, siRNA, inhibitors, and transfection

Author Manuscript

Bsp and osteocalcin luciferase constructs with mouse-specific Bsp- and OC-promoter
regions were kindly provided by Dr Renny Franceschi (University of Michigan, School of
Dentistry) and Dr Chawnshang Chang (University of Rochester Medical Center).(37,38)
pGL3 empty vector and pcDNA-IKK (wild-type) plasmid were obtained from Addgene
(Cambridge, MA, USA). Small molecule inhibitors BAY-117082 (10 μM) and parthenolide
(10 μM) and siRNA against p65, p50, IKK-beta and HDAC1 were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Cells seeded in αMEM media containing 0.3% FBS
were transfected with corresponding constructs using Lipofectamine 2000 (Invitrogen),
followed by incubation with TNFα (10 ng/mL) and Bmp2 (100 ng/mL) for 48 hours.
Luciferase reporter activity was measured using dual-luciferase reporter assay system
(Promega, Madison, WI, USA) as described.(39) For mRNA assays, cells were lysed and
mRNA was isolated using the RNeasy Mini kit (Qiagen, Valencia, CA, USA) and RTPCR
was performed using SYBR Green (Applied Biosystems, Carlsbad, CA, USA) as
described.(39)
In situ mutagenesis

Author Manuscript

Site-directed mutagenesis was carried out on Bsp and osteocalcin luciferase promoter
constructs. Putative NF-κB binding sites on the promoters were identified using PROMO v.
8.3 software (Technical University of Catalonia, Barcelona, Spain). Mutants were generated
using the QuikChange Lightning multisite-directed mutagenesis kit (Agilent Technologies,
Santa Clara, CA, USA). The following primers were used to create site-directed mutagenesis
on the Bsp promoter region for each of the three NF-κB binding sites: site 1
(gatatcccagtgtcgggttatttgagggcagggagg), site 2 (gtggatgggtaggtgggttaacaccctcatagaagc), and
site 3 (caaagttagtttcctttgcaaacttaggaaatgttc). Similarly, primers used to create site-directed
mutagenesis on the osteocalcin promoter region for each of the three NF-κB binding sites
J Bone Miner Res. Author manuscript; available in PMC 2016 January 26.
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are site 1 (attgagactaagactggggtcacagctgcagaattgctca), site 2
(cccacaatgggctaggtccttccccaccaaccac), and site 3
(ttgacataaaactaaccagttcactcccccccaacacaca). MC3T3 cells and primary osteoblasts were
cotransfected with corresponding constructs as described above and luciferase activity was
measured.
Preparing mini-genes for Bsp promoter luciferase construct

Author Manuscript

Specific regions of Bsp promoter construct containing potential NF-κB binding sites (both
wild-type and mutated ones) were amplified by PCR. The amplified region was cloned using
restriction enzymes, Sac-I and XhoI (NEB, Ipswich, MA, USA). The cloned region of
interest was ligated into pGL3-pCMV using T4 ligase (NEB). MC3T3 cells were
cotransfected with these cloned mini-constructs and p65-p50 expression vectors using
Lipofectamine 2000. The next day, transcriptional activity was measured by dual-luciferase
assay (Promega).
Inhibition of protein synthesis
MC3T3 cells were stimulated with Bmp2 (100 ng/mL) for 48 hours. Some of the cells were
preincubated with cycloheximide (10 μg/mL) (C7698; Sigma) for 1 hour, after which they
were incubated with TNFα (10 ng/mL) (Peprotech, Rock Hill, NJ, USA) and cyloheximide
for 6 hours. RNA was extracted using Quick-RNA MicroPrep Kit (Zymo Research, Irvine,
CA, USA). The RNA was converted to cDNA using High Capacity RNA-to-cDNA Kit
(Applied Biosystems), and RTPCR was performed using SYBR Green (Applied
Biosystems) as described.(39)
Preparation of lysate
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MC3T3 cells were transfected with siRNA and/or stimulated with TNFα (10 ng/mL) for 1
hour. Whole-cell and nuclear lysates were prepared using RIPA buffer and isolation kit,
respectively (Thermo Scientific, Rockford, IL, USA). Immunoblotting was carried out as
described.(39) For some of the experiments, MC3T3 cells were preincubated with TNFα (10
ng/mL) for 45 minutes, followed by incubation with Bmp2/Wnt3a (100 ng/mL) for 4 hours.
Some of the cells were then incubated with cycloheximide (10 μg/mL) for 3 hours. Nuclear
and cytosolic lysates were prepared following the manufacturer’s recommendations
(Thermo Scientific), and immunoblotting was carried out as described earlier using
antibodies against β-catenin or Runx2 (Cell Signaling Technology, Beverly, MA, USA)
according to the manufacturer’s recommendations.(35)
Chromatin-immunoprecipitation
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MC3T3 cells were transfected with siRNA and/or stimulated with TNFα (10 ng/mL) for 1
hour. ChIP assays were performed using ChIP-IT kit (Active Motif, Carlsbad, CA,
USA).(39) Isolated DNA was subjected to real-time PCR using specific primers from IDT.
For some of the experimental studies, the cells were washed and incubated with Wnt3a (100
ng/mL) or Bmp2 (100 ng/mL) for 4 hours. About 45 minutes before stimulation, some of the
cells were incubated with TNFα (10 ng/mL). After stimulation, protein synthesis was
inhibited by incubating the cells with cycloheximide for 3 hours, after which ChIP assay was
J Bone Miner Res. Author manuscript; available in PMC 2016 January 26.
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carried out. The chromatin was immunoprecipitated using antibodies for p65 (Active Motif),
p50 (Cell Signaling Technology), HDAC1 (Active Motif), β-catenin (Cell Signaling
Technology), Runx2 (Cell Signaling Technology), or RNAP-II (Millipore, Billerica, MA,
USA) using the manufacturer’s recommendations.
Co-immunoprecipitation
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MC3T3 cells were transfected with siRNA and/or stimulated with TNFα (10 ng/mL) for 2
hours. Cells were lysed, and co-immunoprecipitation was carried out using Pierce CoImmunoprecipitation (Co-IP) Kit (Thermo Scientific) using antibodies against p65 and
HDAC1 (Active Motif) following the manufacturer’s recommendations. The immune
complex was resolved in 4% to 20% SDS-PAGE (Bio-Rad Laboratories, Hercules, CA,
USA) and transferred onto PVDF membrane (Thermo Fisher). The membranes were
incubated with primary antibodies against p65 (Active Motif), HDAC1 (Active Motif),
phosphor-p65 (Thr505) (Santa Cruz Biotechnology), acetyl lysine (Cell Signaling
Technology), β-actin (Sigma-Aldrich), or matched control IgG (Santa Cruz Biotechnology)
according to the manufacturer’s recommendations.(39) Bands were detected using
SuperSignal Chemiluminescent Substrate kit (Pierce, Thermo Scientific).
Statistical analysis
Statistical analyses were performed using SPSS software (SPSS, Chicago, IL, USA). Oneway ANOVA was used to compare the differences between groups at a given time point and
to compare differences from baseline values with the other time points. The significance
level was set at p < 0.05. In vitro experiments were carried out three to four times with
similar results. In vivo experiments were analyzed by a double-blind examiner with 6 to 7
specimens per group.
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Results
NF-κB-mediated response inhibits bone and matrix protein synthesis

Author Manuscript

It has been suggested but never established that a significant component of periodontal bone
loss is because of the effect of inflammation on inhibiting bone formation.(40) To investigate
this issue, periodontitis was induced in transgenic Col1α1.IKK-DN mice (TG) that inhibits
NF-κB activation in osteoblast lineage cells,(6,31) and expression of bone matrix proteins
was examined. Oral infection stimulated a threefold increase in nuclear localization of the
NF-κB subunit p65 in osteoblasts from infected WT mice but not in TG mice (p < 0.05)
(Fig. 1A). mRNA expression of osteocalcin, a bone-specific matrix protein, was 72% higher
in TG mice compared with WT mice after infection (Fig. 1B). The expression of osteocalcin
at the protein level was twofold higher in TG mice (p < 0.05) (Fig. 1C). Thus, periodontal
inflammation activates NF-κB in osteoblasts, and this activation suppresses expression of a
bone matrix protein. In vitro experiments were carried out to establish that TNFα and IKK
transfection, which directly activates NF-κB, inhibits OC and Bsp expression stimulated by
Bmp2. TNFα reduced 75% to 85% of the stimulated Bsp and OC expression at the protein
level with a similar inhibition caused by transfection with IKK in Bmp2-stimulated cells (p
< 0.05) (Fig. 1D–I). A small molecule NF-κB blocker (BAY-117082) rescued the inhibitory
effect of both TNFα and IKK transfection (p < 0.05) (Fig. 1D–I). Incubating the cells with
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TNFα resulted in a 51% to 63% decrease in osteocalcin and Bsp expression in Bmp2unstimulated cells (Supplemental Fig. S1).
Mutation of NF-κB binding sites on osteocalcin or Bsp promoters rescues the negative
impact of TNFα or IKK transfection, indicating a direct effect of NF-κB
Three consensus NF-κB binding sites were identified on the promoter regions of osteocalcin
and Bsp and were mutated in luciferase transcription reporter constructs (Supplemental Fig.
S2). Bmp2 and Wnt stimulated a six- to eightfold increase in promoter activity, which was
reduced by 85% to 95% by TNFα or IKK transfection (p < 0.05) (Fig. 2A–D). Mutation of
the first or second putative NF-κB binding sites partially reversed the effect of TNFα by
47% to 58% (p < 0.05), while mutating the third putative response element had little impact
(Fig. 2A). The effect of TNFα on osteocalcin transcription activity was completely reversed
by mutating the first two sites simultaneously (p < 0.05) (Fig. 2A).

Author Manuscript

Experiments were also carried out with the Bsp promoter. Simply mutating any one of three
putative NF-κB binding sites in the Bsp promoter had a partial effect (38% to 50%) on
reversing TNFα-suppressed Bsp promoter activity (p < 0.05) (Fig. 2B). Mutating all three
was necessary to completely reduce the inhibitory effect of TNFα (p < 0.05) (Fig. 2B).
Mutation of the first or second putative NF-κB binding site in the osteocalcin promoter
partially reversed the effect of TNFα inhibition in Wnt3a-stimulated cells by 25% to 40%,
but mutating the third putative response element had less impact (p < 0.05) (Fig. 2C). The
effect of TNFα on osteocalcin transcription activity in Wnt3a-stimulated cells was
completely reversed by mutating the first two sites simultaneously (p < 0.05) (Fig. 2C). This
suggests that NF-κB binding to consensus elements of bone matrix proteins plays a role in
inhibiting their transcription activity whether induced by Wnt or Bmp2 stimulation.
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The experiments were repeated using primary osteoblasts isolated from mouse calvariae.
TNFα reduced the Bmp2-stimulated osteocalcin transcriptional activity by 92% to 95% (p <
0.05) (Fig 2D). Mutation of a single NF-κB response element partially reduced the negative
impact of TNFα, and simultaneous mutation of the first two response elements completely
abolished it (p < 0.05) (Fig. 2D). For Bsp, mutation of one site reduced the effect of TNFα
by 33% in primary osteoblasts, two sites by almost 70%, and three sites completely reversed
it (p < 0.05) (Fig. 2D).
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To further investigate the impact of the first and second NF-κB binding sites, “Bsp-minigenes,” each bearing a single NF-κB binding site, were cloned. Cotransfection of NF-κB
subunits p65 and p50 with wild-type promoter constructs significantly reduced Bsp
promoter activity for both NF-κB binding sites (p < 0.05) (Fig. 2E). Mutation of either site
completely reversed the effect of p65/p50 transfection (p < 0.05) (Fig. 2E), further
demonstrating the importance of a direct interaction of NF-κB to either of the first two
binding sites in the Bsp promoter region. A direct mechanism is also supported by findings
that TNFα diminishes the mRNA levels of Bsp and OC independently of new protein
synthesis (Fig. 2F). Incubation with TNFα induced a 40% to 60% decrease in mRNA
expression of both bone matrix proteins, which was not affected by incubation with
cycloheximide (p < 0.05).

J Bone Miner Res. Author manuscript; available in PMC 2016 January 26.

Tarapore et al.

Page 8

NF-κB p65-p60 heterodimer binds to Bsp and OC promoters

Author Manuscript
Author Manuscript

To analyze the binding of the p65-p50 heterodimer to the promoter region of osteocalcin or
Bsp, chromatin immunoprecipitation (ChIP) studies were undertaken. TNFα stimulated a
fourfold increase in binding of NF-κB p65 subunit to the promoter region of osteocalcin and
Bsp (p < 0.05) (Fig. 3A, B), whereas there was no specific binding in an alternative region
of the osteocalcin promoter lacking the NF-κB response elements (Fig. 3C). ChIP was also
carried out using TNFα-stimulated cells, and the complex was immunoprecipitated with the
NF-κB p50 subunit. TNFα stimulation resulted in a fourfold increase in binding to the OC
and Bsp promoter (p < 0.05) (Fig. 3A, B), further demonstrating the binding of the p65-p50
heterodimer to the promoter region. To further analyze the association between p65 and the
promoter region, ChIP was carried out in TNFα-stimulated cells upon p65 knockdown using
siRNA. Knockdown of p65 substantially reduced the binding of p65 to the promoter region
(p < 0.05) (Fig. 3D).
NF-κB activation decreases Bmp2-stimulated Runx2 and Wnt-stimulated β-catenin binding
to osteocalcin or Bsp promoters
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Chromatin immunoprecipitation was carried out to assess interaction of Runx2 and β-catenin
binding to Bsp and OC promoters. Stimulation with Bmp2 resulted in a six- to sevenfold
increase in Runx2 binding to the promoter region of OC and Bsp (p < 0.05) (Fig. 4A). When
NF-κB was activated using TNFα, this increase was reduced by 53% to 56% (p < 0.05) (Fig.
4A). Similarly, Wnt stimulation resulted in a seven- to ninefold increase in β-catenin binding
to the promoter region, and a 45% to 70% decrease in binding was observed upon TNFα
stimulation (p < 0.05) (Fig. 4B). To rule out the possibility that reduced β-catenin or Runx2
binding to OC or Bsp promoters was because of reduced β-catenin or Runx2 nuclear
localization, immunoblots were carried out. TNFα did not reduce β-catenin levels in the
nucleus or cytoplasm (Fig. 4C). Similarly, TNFα did not alter nuclear or cytoplasmic levels
of Runx2 (Fig. 4D). These results demonstrate that the effect of TNFα on β-catenin or
Runx2-DNA interactions was not because of changes in nuclear localization or expression.
Results demonstrate that TNFα reduces RNAP-II binding to bone sialoprotein and
osteocalcin promoters (Fig. 4E). Inhibition of NF-κB using small molecule inhibitor,
diminishes the inhibitory effect of TNFα on the binding of RNAP-II to the promoter region
of bone matrix proteins by 67–91% (Fig. 4E).
The canonical NF-κB suppresses matrix protein transcription
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Experiments were performed to determine whether canonical or noncanonical NF-κB
pathways were involved in suppressing Bsp or OC transcription activity. Knockdown of
either p65 or p50 diminished the suppressive effect of NF-κB activation to a similar extent
as IKKβ knockdown on OC or Bsp mRNA expression (p < 0.05) (Fig. 5A). Transfection by
IKK inhibited the Bmp2-stimulated transcriptional activity of OC/Bsp by more than 90% (p
< 0.05) (Fig. 5B). Wnt3a stimulated a sixfold increase in osteocalcin transcription activity,
and this increase was inhibited by 80% by incubation with TNFα (p < 0.05) (Fig. 5C). The
inhibitory effect of TNFα was rescued by knockdown of the canonical NF-κB subunits, p50
and p65 (p < 0.05) but not by the noncanonical (RelB) subunit (Fig. 5C). An alternative
approach to examine the effect of the canonical NF-κB subunits was taken by cotransfection

J Bone Miner Res. Author manuscript; available in PMC 2016 January 26.

Tarapore et al.

Page 9

Author Manuscript

of osteocalcin reporter construct and expression vectors for p50, p65, and a p65 mutant
containing an alteration of Ser276 to alanine (p65S276A) (Fig. 5D). Transfection of either
p65 or p50 alone did not have a significant effect in decreasing OC transcriptional activity
(Fig. 5D). Cotransfection of both p65 and p50 was necessary to inhibit osteocalcin
transcriptional activity, which it did by 90% (p < 0.05) (Fig. 5D). The degree of inhibition
owing to cotransfection of p65/p50 was similar to that of TNFα (p < 0.05) (Fig. 5D).
Knockdown of RelB, the noncanonical NF-κB subunit, had no effect on inhibiting
osteocalcin and Bsp promoter activity compared with scrambled siRNA (Fig. 5E). In
contrast, knockdown of p65 subunit rescued the inhibitory effect of TNFα (p < 0.05) (Fig.
5E). p65 and RelB siRNA resulted in substantial knockdown of p65 and RelB expression
(Fig. 5F). This suggests that the noncanonical NF-κB does not play a role in the repressive
effect of bone matrix genes.
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HDAC1 is needed for NF-κB suppression of Bsp and OC
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Because acetylation of NF-κB regulates its activity, we carried out co-immunoprecipitation
(Co-IP) and ChIP assays to determine whether HDAC1, which deacetylates NF-κB, played
a role in its suppressive effect. Immunoprecipitation with antibody to p65 followed by
immunoblot analysis demonstrated an association between p65 and p50, as well as an
association between p65 and HDAC1 (Fig. 6A). Similarly, immunoprecipitation with
antibody against HDAC1 followed by immunoblot showed an association between HDAC1
and p65 (Fig. 6A). Interestingly, mutual detection of HDAC1, p65, and p50 occurred to a
much greater extent in TNFα-stimulated cells, indicating that formation of these
associations was stimulated by TNFα (Fig. 6A). In addition, TNFα stimulation increased
phosphorylation of p65 at Thr505 (Fig. 6A). Immunoprecipitation/immunoblot experiments
also demonstrate that HDAC1 was important in deacetylating the NF-κB p65 subunit
because its level of acetylation is significantly increased with knockdown of HDAC1 by
siRNA (Fig. 6B). ChIP assays demonstrated that TNFα stimulated a five- to sevenfold
increase in HDAC1 binding to the promoter region of OC and Bsp (p < 0.05) (Fig. 6C).
HDAC1 siRNA resulted in substantial knockdown of HDAC1 (Fig. 6D) and reduced p65
binding to the OC or Bsp promoter by more than 50% (p < 0.05) (Fig. 6E). Thus, HDAC1
was needed for optimal interaction of NF-κB with Bsp or OC promoters. A potential
mechanism by which HDAC1 promotes NF-κB-OC or NF-κB-Bsp interactions is by
increasing nuclear localization. TNFα dramatically increased Ser276-phosphorylation of
p65 and knockdown or inhibition of HDAC1 inhibited it, indicating that HDAC1 modulated
NF-κB activation (Fig. 6F). TNFα also stimulated nuclear localization of both p65 and p50
(Fig. 6F), and inhibition or knockdown of HDAC1 decreased nuclear localization as shown
by immunoblot (Fig. 6F) and by colocalization with DAPI in immunofluorescence
experiments (Fig. 6G).
Consistent with reduced activation of NF-κB, inhibition of HDAC1 reduced the suppressive
effects of NF-κB on bone matrix protein expression. A decrease in OC- and Bsp-luciferase
activity was observed upon transfection with IKK-overexpression plasmid in the presence or
absence of Bmp2 stimulation (Fig. 6H). An HDAC1 inhibitor rescued the inhibitory effect
of IKK transfection on OC and Bsp transcriptional activity (p < 0.05) (Fig. 6H). The
inhibitor also rescued the suppressive effect of TNFα on OC or Bsp mRNA levels (p < 0.05)
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(Fig. 7A). Similarly, HDAC1 inhibitor reduced the inhibitory effect of TNFα on OC or Bsp
protein expression (p < 0.05) (Fig. 7B–D). Incubation of cells with TNFα resulted in a 50%
decrease in OC or Bsp protein expression in Bmp2-unstimulated cells (p < 0.05) (Fig. 7B–
D). Thus, HDAC1 deacetylation of NF-κB is needed for NF-κB activation, nuclear
localization, binding to Bsp and OC promoter elements, and inhibition of Bsp and OC
transcription activity and expression.

Discussion

Author Manuscript
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Chronic inflammation has a debilitating effect on matrix proteins, which contributes to
significant morbidity by interfering with fracture healing and contributing to formation of
osteolytic lesions in rheumatoid arthritis, osteoporosis, periodontal disease, and other
conditions.(4,41,42) We present findings here that demonstrate a novel mechanism by which
inflammation directly affects the repression of matrix proteins through NF-κB. NF-κB
inhibits expression of matrix proteins by interacting with the promoter region of these genes.
We also demonstrate for the first time that periodontal infection stimulates NF-κB activation
in osteoblasts in vivo and that the effect is to reduce osteocalcin expression, which is part of
the reparative process. In vitro studies also showed that NF-κB activation by IKK
transfection or TNFα stimulation decreased both Wnt- and Bmp-stimulated bone matrix
protein expression. That this process required direct interaction with NF-κB response
elements in the Bsp and OC promoters was shown by site-directed mutagenesis. Mutation of
these consensus NF-κB response elements rescued the inhibitory effect of TNFα on Wntand Bmp-stimulated Bsp and OC transcription. The mechanism is likely to involve the direct
effect of NF-κB on transcription factors that stimulate OC and Bsp expression. Incubation
with TNFα decreased Wnt-stimulated β-catenin binding to OC and Bsp promoters and also
diminished the Bmp2-induced Runx2 binding to these promoters. In addition, we
demonstrate that the capacity of NF-κB to inhibit OC or Bsp synthesis is dependent upon
NF-κB forming a complex with HDAC1 and deacetylation, which facilitates NF-κB nuclear
localization and subsequent binding to Bsp and OC promoters. In summary, we propose that
the p65-p50 complex binds to the promoter region of Bsp or OC and prevents the binding of
the positive regulators (β-catenin or Runx2) to initiate transcription of bone matrix proteins.
These studies provide new insight into mechanisms through which inflammation affects
matrix proteins and the potential importance of targeting NF-κB during inflammatory
conditions when bone formation is critical.

Author Manuscript

The inhibitory effect of NF-κB on Bsp and OC expression largely occurred at the
transcriptional level. TNFα reduced the Bmp2-stimulated transcription of OC by 90%. That
this inhibitory effect was directly related to the classical NF-κB pathway was shown by the
use of a NF-κB inhibitor (BAY117082), which completely blocked the inhibitory effect of
TNFα or IKK transfection. Moreover, knockdown of the NF-κB canonical subunits, p65 and
p50, but not the noncanonical NF-κB subunit RelB, rescued the inhibitory effect of both
IKK transfection and TNFα stimulation. In addition, cotransfection of p65 and p50
simultaneously inhibited the Bmp-stimulated transcription compared with either alone,
consistent with the canonical heterodimer mediating the suppressive effect.
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Promoter analyses of OC and Bsp identified three putative NF-κB binding sites on OC and
Bsp promoters. Singly mutating the first two sites partially reversed the effect of TNFα
inhibition on Bmp2- and Wnt-stimulated OC transcriptional activity, whereas the third site
had no effect. Double mutation of the first two sites completely blocked the inhibitory effect
of TNFα or IKK transfection. For the Bsp promoter, singly mutating each individual site
partially reversed the inhibitory effect of TNFα. Mutating all three sites on Bsp was needed
to completely reverse TNFα inhibition. This suggests that NF-κB binding to consensus
elements of bone matrix proteins played an essential role in inhibiting OC and Bsp
transcriptional activity in MC3T3 cells whether induced by Bmp or Wnt. That the first two
OC NF-κB response elements and all three OC NF-κB response elements had inhibitory
activity was confirmed by creating mini Bsp promoters containing a single consensus
element. Transfection of p65 and p50 NF-κB subunits resulted in a 50% to 60% decrease in
transcriptional activity for each NF-κB response element individually, whereas mutating the
site reversed the inhibitory effect of NF-κB activation.
At baseline, osteocalcin mRNA levels reflect basal bone remodeling. Basal osteocalcin
mRNA levels were not affected by blocking NF-κB activation in transgenic mice, consistent
with previous reports that it does not affect physiologic bone remodeling in adult mice.(6)
Infection induced resorption and coupled bone formation, which was blocked in wild-type
mice through a NF-κB-mediated mechanism. Inhibition of NF-κB activation did not affect
basal bone remodeling but did block the increase stimulated by infection-induced coupled
new bone formation. In addition, periodontal bone loss was blocked in transgenic
Col1α1.IKK-DN mice (data not shown).

Author Manuscript
Author Manuscript

A critical finding from our studies is that TNFα prevented two essential matrix proteinpromoting transcription factors, β-catenin and Runx2, from binding to promoters of OC and
Bsp. Bsp and OC promoters contain consensus binding sites for β-catenin that are 2 to 57
nucleotides from NF-κB response elements. Moreover, consensus binding sites for Runx2
are 15 to 160 nucleotides from NF-κB response elements. Bmp2-stimulated Runx2 binding
to the promoter region of both OC and Bsp was substantially reduced when NF-κB was
activated by TNFα. Similarly, TNFα reduced Wnt-stimulated β-catenin binding to the Bsp
and OC promoters region. In addition, the capacity of TNFα to inhibit Runx2 or β-catenin
binding occurred within six hours, which is sooner than the known indirect mechanisms
through which TNFα has previously been shown to affect bone matrix proteins. This was
confirmed by demonstrating that the effect on Bmp2-induced Runx2 binding was not the
result of changes in Runx2 expression or Runx2 nuclear localization. This is consistent with
the idea that NF-κB directly reduces their binding to Bsp or OC promoters. A direct effect is
also supported by a significant reduction in Bsp and osteocalcin mRNA levels induced by
TNFα even in the presence of a protein synthesis inhibitor. Thus, TNFα inhibits β-catenin
and Runx2 from interacting with the Bsp and OC promoters and inhibits their transcriptional
activity. Results demonstrate that TNFα reduces the binding of RNAP-II to Bsp and
osteocalcin promoters. Inhibiting NF-κB blunted the effect of TNFα on RNAP-II binding to
the promoter region of bone matrix proteins, thereby reinforcing the mechanistic link. This
is the first evidence that NF-κB can directly repress the binding of transcription factors to
response elements of matrix proteins to inhibit expression.
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HDAC1 is a histone deacetylase that regulates gene expression through histone-dependent
and histone-independent mechanisms.(43) We have observed a direct correlation between
phosphorylation of p65 at Thr505 and recruitment of HDAC1. This is in line with other
studies that suggest that phosphorylation of p65 at Thr505 increases HDAC1
recruitment.(44) We demonstrated that HDAC1 formed complexes with p65-p50 and was
functionally important in deacetylating NF-κB. It was needed for NF-κB activation as
measured by increased p65 phosphorylation and nuclear localization. Inhibition of HDAC1
substantially reduced binding of NF-κB (p65) to both the OC and Bsp promoters and
reversed the inhibitory effect of TNFα on the transcriptional activity and expression of OC
and Bsp. Thus, HDAC1 interaction with NF-κB was needed for the repression of matrix
protein expression. A previous report has shown that(45) NF-κB interacts with HDAC1 and
promotes NF-κB nuclear localization most likely through deacetylation.
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In summary, NF-κB plays a central role in decreased expression of matrix proteins caused
by inflammatory conditions, ultimately resulting in decreased bone formation. We
demonstrate a novel mechanism through which both Wnt-stimulated and Bmp-stimulated
expression of matrix proteins is inhibited upon activation of NF-κB. This inhibition involves
the direct interaction of NF-κB with response elements in the promoter regions of bone
matrix proteins and the inhibition of β-catenin and Runx2 binding to nearby consensus sites.
Although NF-κB is typically thought of as a positive regulator for inflammatory
cytokines,(46) it has recently been shown to inhibit transcription of other genes.(47) Contrary
to most reports, we found that the inhibitory effect was mediated by the canonical NF-κB
heterodimer p65-p50 rather than the more common NF-κB p50-p50 homodimer. Lastly, the
capacity of NF-κB to repress Bsp and osteocalcin expression was dependent upon TNFαstimulated HDAC1-NF-κB interactions that led to NF-κB deacetylation and nuclear
localization.
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Fig. 1.

NF-κB-mediated response inhibits bone and matrix protein synthesis. Destructive
periodontitis was initiated in IKK-DN transgenic mice (TG) or wild-type (WT) control mice
by oral inoculation of the periodontal pathogens P. gingivalis plus F. nucleatum and
compared with vehicle alone. Mice were euthanized 6 weeks after oral inoculation. Nuclear
NF-κB was measured by immunofluorescence by colocalization of p65, a subunit of NF-κB
and DAPI nuclear staining. (A) Number of NF-κB-positive cells was determined.
Localization to bone-lining osteoblastic cells was determined in cells with a cuboidal
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appearance and with a nucleus that was not fusiform or parallel to the bone surface. (B)
RNA was isolated from periodontal tissue, and osteocalcin mRNA levels were measured by
real-time PCR. (C) OC expression was measured by immunofluorescence with antibody to
OC and expressed as the mean fluorescence intensity. (D–I) MC3T3 cells were incubated
with TNFα or transfected with IKK-overexpression vector compared with pcDNA (empty
vector) alone. NF-κB was inhibited with the specific inhibitor BAY117082. Cells were
stimulated with Bmp2 for 48 hours. Cells were stained for OC or Bsp (red) and
counterstained with DAPI (blue). Immunofluorescence was analyzed and expressed as mean
expression above baseline (MFI). ‡Significantly different in infected compared with
matched noninfected group; §significantly different in infected TG compared with infected
WT. Data shown are representative of three independent experiments. +Significant
inhibition with TNFα or IKK transfection; #significantly different between cells incubated
with no inhibitor.
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Mutation of NF-κB binding sites in osteocalcin or Bsp promoters rescues the negative effect
of TNFα, indicating a direct effect of NF-κB. NF-κB binding sites were mutated as
indicated (Mut1; Mut2; Mut3; Mut1,2; Mut1,2,3). Cells were transfected with wild-type and
mutant constructs. After a 1-hour incubation with TNFα, cells were stimulated with Bmp2
or Wnt3a as indicated. (A–C) OC or Bsp promoter activity was analyzed by luciferase
reporter construct. Luciferase activity was normalized by renilla control and expressed as
relative luciferase units (RLUs). (D) Primary mouse osteoblastic cells were transfected with
osteocalcin or Bsp reporter construct with or without mutated NF-κB binding sites.
Transcriptional activity was measured using a luciferase assay and expressed as relative
luciferase units (RLUs). (E) Cells were transfected with wild-type or mutated Bsp luciferase
constructs containing all the NF-κB putative sites. Using subcloning, Bsp mini genes were
prepared from wild-type and mutated promoter regions as described in Materials and
Methods. NF-κB was activated by cotransfecting cells with p65- and p50-overexpressing
plasmids. (F) Cells were stimulated with Bmp2 for 48 hours and then incubated with TNFα
for 6 hours without or with cycloheximide. Bsp or OC mRNA levels were analyzed by RTPCR. *Significantly different from Bmp2-stimulated control; +significant inhibition with
TNFα; ˄significantly different between cells transfected with WT (wild-type construct)
versus matched control (p < 0.05).
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Fig. 3.
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NF-κB p65-p50 heterodimer binds to Bsp and osteocalcin promoters. Cells were stimulated
with TNFα and compared with vehicle. After incubation, cells were fixed, DNA isolated,
and subjected to chromatin immunoprecipitation using antibodies for p65 and p50 or
matched IgG control. (A, B) ChIP was performed using antibodies for p65, p50 or control
IgG. RT-PCR was performed using primers to Bsp or osteocalcin promoter that contained
NF-κB response elements or (C) to a region further upstream of the promoter region. (D)
Cells were incubated with TNFα after knockdown with p65 siRNA or scrambled siRNA and
chromatin was immunoprecipitated with antibody to p65 or control IgG. RT-PCR was
performed using primers to OC or Bsp promoter that contained NF-κB response elements.
Data shown are representative of three independent experiments. +Significantly different
with TNFα versus matched control; #significantly different between cells transfected with
scrambled siRNA versus p65 siRNA (p < 0.05).
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Fig. 4.

NF-κB activation decreases Bmp2-stimulated Runx2 and Wnt-stimulated β-catenin binding
to osteocalcin or Bsp promoters. Cells were incubated with Bmp2 or Wnt3a for 4 hours with
or without a 45-minute pre-incubation with TNFα. Some of the cells were incubated with
NF-κB small molecule inhibitor (BAY-117082). Cells were fixed, DNA isolated, and
subjected to ChIP using antibodies for Runx2, β-catenin, RNAP-II or control IgG. (A, B)
RT-PCR was performed using primers to Bsp or OC promoter that contained NF-κB
response elements. (C, D) Immunoblotting with antibody to beta-catenin, Runx2, actin or
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laminin of nuclear or cytosolic lysates of cells incubated with Wnt or Bmp for 4 hours,
followed by a 3-hour cycloheximide incubation. Before stimulation, some of the cells were
incubated with TNFα for 45 minutes. (E) ChIP assay was performed with antibody to
RNAP-II or control IgG. RT-PCR was performed using primers to Bsp or OC promoter that
contained binding regions of RNAP-II. *Significantly different from No-Bmp2/Wnt3astimulated control; +significant inhibition with TNFα; #significantly different between cells
incubated with no inhibitor (p < 0.05).
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Fig. 5.

The canonical NF-κB suppresses matrix protein transcription. Cells were stimulated with
TNFα or transfected with IKK-, p65-, p50-overexpression vector compared with pcDNA
(empty vector) alone. Some of the cells were also transfected with siRNA specific for IKK,
the NF-κB subunits p65, p50, RelB, or scrambled siRNA (Scr). Cells were stimulated with
Bmp2 or Wnt3a for 48 hours. (A) Osteocalcin or Bsp mRNA levels were measured by realtime PCR. (B–E) Osteocalcin or Bsp promoter activity was analyzed by luciferase reporter
construct in cells incubated with Bmp2 or Wnt. (F) Immunoblot analysis of whole-cell
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lysate probed for p65 and RelB. Data shown are representative of three independent
experiments. +Significant inhibition with TNFα or IKK transfection versus matched control;
#significantly different between cells transfected with scrambled siRNA versus targeted
siRNA (p < 0.05).
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Fig. 6.
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HDAC1 interacts with NF-κB to regulate BSP and OC transcription activity. Cells were
stimulated with TNFα alone with or without pre-incubation with HDAC1-specific inhibitor
(parthenolide)(48) or transfection with siRNA specific for HDAC1 or scrambled (Scr). (A, B)
Cell lysates were incubated with antibody to p65 or control IgG. Immunoprecipitated
proteins or input cell lysate was then examined by immunoblot analysis with antibody to
p65, p50, HDAC1, ph-p65 (Thr505), or acetylated lysine. (C, E) Cells were fixed, DNA
isolated, and subjected to chromatin immunoprecipitation using antibodies for HDAC1, p65,
or matched IgG control. RT-PCR was performed using primers to Bsp or OC promoter that
contained NF-κB response elements. (D) Immunoblot analysis of whole-cell lysate probed
for HDAC1. (F) Immunoblot analysis of nuclear lysate in cells incubated with HDAC1
inhibitor or transfected with HDAC1-siRNA were probed for p65, p50, or ph-p65. (G)
Nuclear localization of NF-κB was measured by immunofluorescence with an antibody
specific for p65 and counterstained with DAPI. (H) Cells were pre-incubated with the
HDAC1 inhibitor (parthenolide), transfected with IKK or pcDNA (empty vector), and
transfected with a Bsp or osteocalcin reporter vector with or without Bmp2 stimulation.
Luciferase activity was normalized by renilla control and expressed as relative luciferase
units (RLUs). Data shown are representative of three independent experiments.
+Significantly different between TNFα versus matched control; #significantly different
between cells transfected with scrambled siRNA versus HDAC1 siRNA or between cells
incubated with no inhibitor; ˄significantly different between cells with Bmp2 stimulation (p
< 0.05).
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Fig. 7.

HDAC1 plays a role in decreased mRNA and protein expression of matrix proteins. Cells
were stimulated with TNFα with or without pre-incubation with HDAC1-specific inhibitor
(parthenolide). Some of the cells were stimulated with Bmp2. (A) OC or Bsp mRNA was
measured by real-time PCR in cells incubated with TNFα and parthenolide, with or without
Bmp2 stimulation. (B–D) Protein was measured by immunofluorescence using specific
antibody for osteocalcin or Bsp (red) and counterstained with DAPI. Protein expression was
measured by immunofluorescence and expressed as mean fluorescence intensity (MFI).
Values were normalized to unstimulated controls. Data are expressed as level above
baseline. Data shown are representative of three independent experiments. *Significantly
different from No-Bmp2-stimulated control; +significant inhibition with TNFα;
#significantly different between cells with no inhibitor (p < 0.05).
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